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A new application of high-repetition rate, femtosecond Yb-lasers/amplifier systems is introduced,
transient 2D IR spectroscopy covering the time range from micro- to milliseconds. The approach
intertwines the measurement of 2D IR spectra with the time-separation from an actinic pump
pulse, and utilizes the high repetition rate of these lasers systems in two ways: by offering a high
time resolution (10 µs) and by enabling the measurement of very many 2D IR spectra. The well-
studied photocycle of bacterio rhodopsin is used as a demonstration object in this proof-of-principle
experiment.
I. INTRODUCTION
Diode-pumped Yb-lasers/amplifiers with high average
powers and high repetition frequencies of >
∼
100 kHz are
an emerging technology in femtosecond sciences.1–3 Their
fundamental wavelength around 1030 nm is farer in the
IR than that of Ti:S laser systems, making them in par-
ticular interesting for mid-IR generation, since this wave-
length regime can be reached in a single frequency con-
version step with lithium gallium sulfide (LGS) crystals.4
Multidimensional spectroscopy in the IR range (2D IR)
is a powerful tool to study structure and dynamics of
solution phase molecular systems,5–10 but the sensitiv-
ity is often an issue, when samples with small concen-
trations or IR vibrations with small cross sections are
considered.11 Besides their excellent inherent stability,
the high repetition frequencies of Yb laser/amplifiers
should also improve the sensitivity by averaging more
data within a given measurement time. However, the
number of publications, which report on 2D IR instru-
ments based on such Yb laser/amplifiers, is still rather
limited.12–20 The motivation of these works is either
higher sensitivity,16,19 or collecting very many 2D IR
spectra, e.g., in the context of 2D-IR microscopy17 or
high-throughput applications.15,18
Here, another application of the high repetition rates of
these lasers is introduced, transient 2D IR spectroscopy.
The idea to use such lasers for transient IR spectroscopy
(which will be called transient 1D IR spectroscopy in
the following) has been demonstrated before,21 where
an actinic pump pulse triggers a photo-reaction and a
sequence of IR probe pulses, separated by 10 µs (i.e.,
100 kHz), measures the one-dimensional transient IR re-
sponse from a few microseconds to in principle infinity.
In transient 2D IR spectroscopy, the sequence of three
IR pulses (i.e., a pair of two IR pump pulses and an IR
probe pulse) measures a 2D IR spectrum at a given de-
lay time τa after the actinic pump pulse (Fig. 1a). The
first demonstration of transient 2D IR spectroscopy gen-
erated all pulses, the actinic pump pulse as well as IR
pump and probe pulses, from one laser and used con-
ventional optical delay stages to generate the required
pulse sequence.22–25 Each IR pulse sequence needed to
construct the 2D IR spectrum, scanning the IR pump-
pulses, had its own preceding actinic pump. The time
resolution of this type of experiment is in the range of
a few picoseconds, i.e., the scan range τ2D between the
two IR pump pulses, while the maximum time delay τa is
limited by the travel range of optical delay stages, typi-
cally a few nanoseconds. When deriving actinic pump
and IR pulses from two laser systems, whose relative
timing is either controlled or measured,26–28 the maxi-
mum time delay would ultimately be limited by the rep-
etition rate of the laser, i.e., the time when the next
actinic pump pulse arrives at the sample (10 µs for a
100 kHz laser). Zanni and coworkers, in contrast, pro-
moted “rapid-scan” 2D IR spectroscopy,29,30 making use
of acousto-optic pulse shapers,31 which allow for a shot-
by-shot modulation of the IR pump-pulse pair. A com-
plete 2D IR spectrum can be measured with typically a
few 100 laser shots, i.e., a few milliseconds for a 100 kHz
laser, determining the time resolution of this type of ex-
periment.
II. CONCEPT
The approach presented here bridges the gap between
these two extremes, intertwining the measurement of the
2D IR spectrum with the time-separation from the ac-
tinic pump pulse. Time-scales τa from a few microsec-
onds to 10’s of milliseconds can be covered in this way.
Fig. 1b illustrates the basic idea. IR probe pulses are
generated at a 100 kHz repetition rate by a Yb-laser sys-
tem. IR pump pulse pairs are generated with the help of
a pulse shaper on a single shot basis,30,31 collecting the
data for a full 2D IR spectrum with n2D IR laser shots.
While Fig. 1b shows that the various pulse shaper states
control only the time separation between the two pump
pulses, additional pulse shaper states are introduced in
reality for phase cycling. Also note that the scheme of
Fig. 1b is not on scale regarding time, as the time separa-
tion between subsequent IR probe pulses is 10 µs, while
that between the two IR pump pulses is in the range of
a few picoseconds only.
The periodicity of the actinic pump pulses is offset by
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FIG. 1. (a) Basic pulse sequence of transient 2D IR spec-
troscopy. (b) Repetitive pulse sequence used here to mea-
sure a sequence of transient 2D IR spectra. IR probe pulses
(bottom row) are generated at a repetition rate of 100 kHz
(∆t = 10 µs), together with a pair of IR pump pulses (middle
row) produced with the help of a pulse shaper on a single shot
basis. In total n2D IR laser shots are needed to to construct
one 2D IR spectrum. The actinic pump (top row) has a pe-
riodicity of na = m × n2D + 1 with any integer number m
(m = 1 is shown here).
one laser pulse:
na = m · n2D + 1, (1)
with any integer number m (Fig. 1b shows m = 1). Due
to that offset of 1, all pulse shaper states are obtained for
each delay time after the actinic pump after collecting
na × n2D laser pulses. For example, the first IR pulse
sequence after the first actinic pump shown in Fig. 1
is for (ia = 1, i2D = 1), that after the second actinic
pump pulse for (ia = 1, i2D = 2), and that after the
3rd actinic pump for (ia = 1, i2D = 3). The second
IR pulse sequences after each actinic pump pulse are for
(ia = 2, i2D = 2), (ia = 2, i2D = 3) and (ia = 2, i2D = 4),
and so on. After properly resorting the data, one can
construct a sequence of na 2D IR spectra separated by
10 µs each. With the help of m in Eq. 1, one can chose
the maximum delay time τa after the actinic pump es-
sentially independent of the number n2D of laser shots
needed to construct a 2D spectrum.
The sample chosen for this proof-of-principle experi-
ment is bacterio rhodopsin,32, an extremely will studied
photo-active protein,33,34 which is very stable and under-
goes a fast photocycle.33,35,36 It is a light driven proton
pump consisting of an α-helical trans-membrane protein
with a retinal molecule bound to Lys216 via a Schiff-base.
Photo-excitation induces the trans-to-cis isomerization
of the chomophore around one of its C=C double bonds
on a 500 fs timescale.37 It then circles through a sequence
of intermediates commonly denoted as J to O (where the
M-intermediate is assumed to be split into two states M1
and M2, which are spectroscopically very similar). The
Schiff-base is deprotonated during the L-M1 transition
and the proton is transferred to Asp85. It is then repro-
tonated from Asp96 during the M2-N transition. Ther-
mal back-isomerisation of the chromophore occurs during
the N-O transition, and deprotonation of Asp85 com-
pletes the catalytic cycle.33 We have performed transient
2D IR experiments of bacterio rhodopsin on a picosecond
timescale before,24 looking at the first J-intermediate of
the photocycle. The time window of the present experi-
ment will cover the L, M, N and O-intermediates, while
the K-intermediate is mostly decayed by the time the
present experiments starts.
III. METHODS
For the IR pulses, the output of a Yb-doped fiber
laser/amplifier system (short-pulse Tangerine, Ampli-
tude, France) with a central wavelength of 1035 nm,
pulse energy 200 µJ, pulse duration of 150 fs, and repe-
tition rate of 100 KHz was used to pump an OPA (Twin
STARZZ, Fastlite, France) with a subsequent frequency
mixing stage in a LGS crystal. The typical bandwidth
of the IR pulses is 100-150 cm−1, and a pulse energy of
0.9 µJ has been used to minimize thermal effects in the
sample. With the help of a BaF2 wedge, the IR pulses
were split into IR pump, probe and reference pulses.
Probe and reference pulse were focused into the sample
(spot size 100 µm) slightly offset, transmitted through a
spectrograph, and detected with the help of a 2×32-MCT
detector array with a spectral resolution of 3.5 cm−1 in
the probe direction. The detector signals were amplified
and digitized with a custom-designed electronics, as de-
scribed in Ref. 19. Referencing was optimized using the
method described in Ref. 38, making use of the correla-
tion between all pixels of the detector.
The IR pump pulses were sent through a pulse shaper
(PhaseTech Spectroscopy) in order to generate a pair of
pump pulses with programable delay times and phases,
and spatially overlapped with the probe pulses in the
sample. Working in a rotating frame, n2D can be op-
timized down to 164 laser shots with total scan time of
2 ps in 41 steps (time step 50 fs, spectral resolution in the
pump direction of 8 cm−1), and 4 phase cycles to sup-
press scatter. A small number n2D is desirable to keep
na×n2D small and thereby increase the amount of aver-
ages per 2D IR spectrum. The delay between IR-pump
and probe pulses in the sample (i.e., the population time)
was set to 200 fs with the help of a conventional delay



























FIG. 2. (a) Transient 1D IR spectra of bacterio rhodopsin as a function of time, showing negative bleach contributions in blue
and positive new bands in red. The dashed vertical lines mark the time points when the L, M, N and O-intermediates peak
and relate to the delay times shown in Fig. 4. (b) Stationary 2D IR spectrum of light adapted bacterio rhodopsin in the same
frequency range, showing negative bleach contributions in blue and excited state absorption in red. The spectrum has been
been averaged over the 2D IR spectra starting from -2 ms before the actinic pump pulse (i.e., 200 individual 2D IR spectra).
Assignable spectroscopic features are labelled and discussed in the text. (c) Absolute 2D IR spectrum measured 5 µs after the
actinic pump.
Actinic pump pulses at 447 nm were generated with
a GaN multimode laser diode (PLPT9 450D E, Osram
Opto Semiconductors), operated by a pulsed laser diode
driver (LDP-V 10-10, PicoLAS) to produce pulses of 2 µs
length. While the maximum power of the laser diode
is specified at 3.5 W in cw-operation, one can go up to
10 W in pulsed operation, revealing 20 µJ of pulse energy
in the 2 µs long pulses. The laser diode beam was pre-
collimated (LTN330-C, Thorlabs), its elliptical shape cor-
rected with two cylindrical lenses (50 mm and 150 mm),
and then focused into the sample with a 100 mm lens,
matching the diameter of the IR pulses. All beams (IR
pump and probe as well as actinic pump) were polarized
in parallel. The timings of all components in the setup
have been controlled with a programable delay generator
(T560, Highland Technology). The measurement elec-
tronics also read two synchronisation signals needed to
properly sort the data, one from the actinic pump laser
and the second from the pulse shaper.
The period of the actinic pump was set to na = 3445
(i.e., m=21, repetition rate 29 Hz), determining a maxi-
mum delay time τa of about 33 ms (2 ms preceding the
actinic pump were used for a reference 2D IR spectrum).
With these numbers, na × n2D = 564
′980, and it takes
5.6 s for one complete data set. The data shown here were
averaged over 13000 such data sets, which took about
20 h of measurement time. The Yb-laser/OPA system is
stable enough to allow for such long measurement times
without the need of any readjustments.
Bacterio rhodopsin purple membrane patches were pre-
pared according to standard procedures39 and were pro-
vided by Martin Engelhard (Max-Planck-Institute for
Molecular Physiology). The solvent was exchanged to
D2O at a concentration of ≈2 mM, and the sample held
in a stationary CaF2 cuvette with 25 µm spacing.
Difference 1D and 2D IR spectra will be shown, which
require the subtraction of stationary reference spectra
from the transient spectra. This in turn requires that
the sample completely reaches its ground state before
each actinic pump pulse, in which case one can use an
average of a certain number (in the present case 200) of
spectra before the actinic pump as reference spectrum.
In that regard, it helps that the photocycle of bacterio
rhodopsin completes quickly after 35 ms (this timescale
essentially set the value for na), without the need to ex-
change the pumped sample volume by moving the cuvette
or by pumping the sample through the cuvette. Further-
more, bacterio rhodopsin is very stable, surviving many
hours of measurement time on the same spot.
IV. EXPERIMENTAL RESULTS
To set the stage, Fig. 2a shows transient 1D IR spec-
tra (similar data have been collected before),40–42 cover-
ing the time window from 5 µs to 33 ms and the spec-
tral range of the ethylenic stretch vibration of the retinal
chromophore around 1525 cm−1. The transient 1D IR
spectra have been measured by blocking the IR pump
pulses and setting the timing of the actinic pump in the
middle between two IR probe pulses. Data are shown
in Fig. 2a as obtained up to 100 µs, and binned on a
logarithmic timescale with 20 time-points per decade be-
yond. The presented excellent data quality is obtained
with only 1 min of averaging.
The dominant feature is a negative (blue) bleach of
the ethylenic stretch vibration (labeled BR in Fig. 2a
for the resting state of bacterio rhodopsin), which ex-
ists for all intermediates of the photocycle covered by
this experiment (K to O-intermediate). This mode
reveals the strongest difference band in the transient
1D IR spectrum, since it is affected directly by photo-
isomerization.43 In the various intermediates of the pho-
tocycle, the ethylenic stretch vibration shifts to different
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frequencies, showing up as positive bands in Fig. 2a.42 In
the K-intermediate, whose lifetime is ≈ 2 µs, the band
appears at 1510 cm−1, a remainder of which is still vis-
ible at very early delay times. The L-intermediate, in
turn, exhibits a frequency up-shifted band at 1547 cm−1.
The M-intermediate, which peaks at around 300 µs,35,36
does not have any distinct positive band in this spectral
range. The N and the O-intermediate strongly overlap in
time,36,42 but have very distinct spectroscopic signatures
at 1570 cm−1 and 1510 cm−1, respectively.
Fig. 2b shows the stationary 2D-IR spectrum of light-
adapted bacterio rhodopsin in the same frequency range.
In essence, it consists of two bands centered at 1525 cm−1
and 1550 cm−1, respectively, each of which with the
characteristic peak pair of negative ground-state bleach
colored in blue and anharmonically red-shifted excited
state absorption colored in red.9 The frequency of the
first band (labeled -C=C-) coincides with the dominant
bleach in the transient 1D IR data (Fig. 2a), and thus
is assigned to the ethylenic stretch vibration of the reti-
nal chromophore. The second peak pair originates from
the amide II band of the protein backbone. Its 2D IR
response is considerably stronger, since many more nor-
mal modes contribute to it (one per amino acid), but
the band is hardly affected by photo-isomerisation of the
chromophore, and therefore it does not show up in the
transient 1D IR spectrum of Fig. 2a.
Fig. 2c shows the 2D-IR spectrum measured 5 µs after
the actinic pump, which differs from that in Fig. 2b in
two regards. First, it is more noisy (which is barely visi-
ble on the scale of the plot), as it is averaged less. Only
20 s of total measurement time went into this 2D IR spec-
trum, yet the quality is excellent, illustrating the superior
noise properties of the Yb-laser system in combination
with single-pulse modulation made possible by the pulse
shaper. The 2D IR spectrum in Fig. 2b, in contrast, is
averaged over 200 such spectra measured before the ac-
tinic pump, and will be used as a reference spectrum.
Second, it is the 2D-IR spectrum of a sample with a cer-
tain fraction of switched bacterio rhodopsin molecules.
However, it is hard to tell the difference between the two
2D IR spectra in Figs. 2c and b, since the actinic pump
does not excite 100% of the molecules, since the photo-
isomerisation quantum yield is smaller than 100%, and
since the stationary 2D IR spectrum is dominated by
the amide II band, which is hardly affected by photo-
switching. Therefore, difference 2D-IR spectra need to
be calculated to distill out the small changes, just like it
is common for transient 1D IR spectroscopy (Fig. 2a).
Fig. 3 exemplifies two such difference spectra, the left
one just before the actinic pump at -5 µs, the right one
just after the actinic pump at +5 µs. The spectrum at
+5 µs is the difference of the 2D-IR spectrum shown
in Fig. 2c and the reference 2D IR spectrum shown in
in Fig. 2b (the spectrum at -5 µs has been calculated
accordingly, but the corresponding absolute spectrum is
not shown). The scale of Fig. 3 is magnified by a factor















FIG. 3. Difference 2D-IR spectra 5 µs before the actinic pump
(left), and 5 µs after the actinic pump (right). The scale is
magnified by a factor 10 relative to that of Figs. 2b,c.
reveals the noise level of the experiment, while a clear
2D IR signature is obtained in the spectrum at +5 µs.
The signal-noise ratio in this spectrum is ≈10:1, implying
that the signal-noise ratio of the absolute spectrum of
Fig. 2c, whose amplitude is 10 times larger, is ≈100:1;
within only 20 s of averaging time.
Fig. 4 shows a sequence of transient 2D IR spectra at
time points chosen to maximize the contributions from
the L, M, N and O-intermediates. In order to further
improve the sinal-to-noise ratio, they have been binned
over 3 (35 µs and 300 µs), 35 (3 ms) and 97 (8.4 ms)
individual difference 2D-IR spectra of the type shown in
Fig. 3, respectively. Such transient 2D IR spectra are
double-difference spectra, i.e. the difference between the
two 2D IR spectra of reactant and product, each of which
consisting of the difference between the ground state con-
tribution and the anharmonically shifted excited state
absorption. In either case, the spectral shifts are often
small compared to the line width of the spectroscopic
transitions, and contributions with opposite signs tend
to cancel each other. Furthermore, the partial cancel-
lation of contributions with opposite signs in transient
2D IR spectroscopy is different from that in transient
1D IR spectroscopy, since only the former resolves in-
homogeneous broadening. A relatively small change in
the ratio of homogeneous vs inhomogeneous broadening
upon switching from reactant and product can cover one
of them completely in the transient 2D IR spectrum, de-
spite the fact that both show up in the transient 1D IR
spectrum. All these aspects can make the interpretation
of transient 2D IR spectra cumbersome.22
Starting with the dominant bleach of the ethylenic
stretch vibration at around 1525 cm−1 (Fig. 2a), one
expects a 2D IR signature with inverted signs in the
transient 2D IR spectra, since it is the 2D IR response
of a bleaching (negative) band. That is, one expects a
positive (red) band on the diagonal originating from the
ground state contribution together with a negative (blue)
band shifted to lower probe frequencies originating from
its excited state absorption. Such a feature is indeed
observed in all spectra (labelled as BR in Fig. 4), albeit
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FIG. 4. Sequence of difference 2D-IR spectra at delay times chosen to maximize the contributions from the L, M, N and
O-intermediates. The scale is magnified by a factor 10 relative to that of Figs. 2b,c. Assignable spectroscopic features are
labelled and discussed in the text.
band, presumably due to partial cancellation effects.22
The L-intermediate exhibits a positive band at
1547 cm−1 in the transient 1D IR spectrum (Fig. 2a),
very close to the bleach of the ethylenic stretch vibration.
One can identify its 2D IR signature in the correspond-
ing transient 2D IR spectrum at 35 µs (Fig. 4), which
however strongly overlaps with the BR contribution. For
the N-intermediate, the positive band is more separated
at 1570 cm−1 (Fig. 2a), and correspondingly its tran-
sient 2D IR signature, which is labelled N in the 3 ms
and 8.4 ms transient 2D IR spectra (Fig. 4). In either
case, these are (positive) product bands, hence the signs
of their 2D IR peak pairs are not inverted, i.e., negative
(blue) on the diagonal for the ground-state contribution
and positive (red) for the anharmonically down-shifted
excited state absorption.
There is another peak pair like that around 1555 cm−1,
labelled amide II in the the 3 ms and 8.4 ms transient
2D IR spectra (Fig. 4). It has no obvious counterpart in
the transient 1D IR spectrum (Fig. 2a), illustrating the
resolution enhancement of 2D IR spectroscopy. The fre-
quency coincides with the amide II band (Fig. 2b), indi-
cating a response of the protein upon photo-switching.44
The excited state contribution of the O-band at around
1510 cm−1 is visible in the 8.4 ms transient 2D IR spec-
trum as well. On the other hand, the assignment of the
peaks labelled with an * in Fig. 4 is not clear at this point.
Overall, the transient 2D IR spectra are surprisingly rich,
and call for an in-depth theoretical investigation.
V. CONCLUSION
In conclusion, a new application of 100 kHz Yb-laser
systems has been introduced, transient 2D IR spec-
troscopy, using the photocycle of bacterio rhodopsin as
demonstration object. The approach utilizes the high
repetition rate of these lasers in two ways: First, it di-
rectly determines the time resolution of the experiment
(10 µs), and at the same time, enables the measurement
of very many 2D IR spectra within a reasonable aver-
aging time. Furthermore, the very good stability of the
Yb-laser/OPA system allows for hours of measurement
time without the need of any readjustments. We haven’t
seen the same level of stability for Ti:S based laser sys-
tems. Data can be taken over-night and the only limiting
aspect at this point is the need to refill the MCT detector
with liquid N2.
Currently, 100 kHz is the upper limit for this type of
experiments, despite the fact that Yb-laser systems with
higher repetition frequencies are available. The pulse-
shaper, the response time of the MCT detector as well as
the AD-converter limit the repetition frequency to that
value.
The timescales covered by this type of experiment,
10 µs to a few 10’s of milliseconds, is perfectly
suited for the investigation of a wide range of photo-
active proteins.45 It also matches that of diffusion
controlled bimolecular process, such as protein-ligand
interactions46 or chemical reactions in the context of ar-
tificial photosynthesis.47 Even when the goal is “only”
transient 1D IR spectroscopy (Fig. 2a), the system
outperforms step-scan FTIR spectroscopy40–42,44,48–50
or more modern setups based on quantum cascade
lasers51–54 in terms of measurement time; 1 min was suf-
ficient to collect transient 1D IR data with the quality
shown in Fig. 2a. Admittedly, the present experimental
setup is more expensive than for example a quantum cas-
cade laser spectrometer, but not by orders of magnitudes
(by a factor 2-3). At the same time, due to the high inten-
sities of femtosecond pulses, a Yb-laser system is much
more versatile, as one may reach a very wide frequency
range from THz55 to X-rays1 by some means of nonlin-
ear optics. The improvement over Ti:S lasers is enor-
mous, suggesting that these type of lasers might become
the standard for time-resolved mid-IR spectroscopy on
all conceivable timescales, from femtoseconds to hours.
Data Availability Statement: The data that support
the findings of this study are openly available on Zenodo
at http://doi.org/10.5281/zenodo.4557375
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